Introduction
In crustaceans as in other arthropods, the circulating hemocytes are crucial for protecting the animal against pathogens, and they are directly engaged in recognition, phagocytosis, melanization via the proPO-system and the creation of toxic products from this reaction (Cerenius et al., 2010 (Cerenius et al., , 2008 Söderhäll, 2016) . Initially at an infection their innate immune response is rapidly activated, mainly by secretion of the proPO system that lead to melanization, but also of cytokines that rapidly result in new hemocyte production . This is a very important process as many hemocytes are destroyed early during an infection, and to prevent dispersal of a pathogenic microbe, new hemocytes must fast get in place.
The number of circulating hemocytes can vary enormously in response to environmental stressors, during the molting cycle or during an infection. Response to injury or infection leads to a dramatic loss of circulating hemocytes, which is followed by a recovery accomplished by rapid release of new hemocytes from the hematopoietic tissue (HPT) (Söderhäll et al., 2003) . Our technique to culture the crayfish hematopoietic progenitor cells in vitro has allowed us to do detailed studies of the regulation of crustacean hematopoiesis, (for review see Söderhäll, 2016) , and thereby we could isolate a new group of cytokines, which we named astakines, from crayfish plasma .
However, in order to understand the hematopoietic process in more detail we need to be able to follow the differentiation process from the stem cells in the anterior proliferation center (APC) (Noonin et al., 2012) and the rest of the hematopoietic tissue (HPT) to fully mature hemocytes in the circulation. We have sequenced transcriptomes from four different tissues of Pacifastacus leniusculus (brain + nerve, hemocytes, hepatopancreas and HPT) the sequences of which are available at GenBank as Bioproject Accession: PRJNA259594. This transcriptome database is now used in order to analyze different stages in the hematopoietic process by a quantitative global proteomics approach, and to possibly find marker proteins to enable lineage tracking for example during an infection.
Proteomic analyses have been performed for various reasons in crustaceans before. In Pacifastacus leniusculus, we have earlier used 2-D electrophoresis in order to find marker proteins specific for semigranular and granular hemocytes and could identify a semigranular cell specific Kazal-type protease inhibitor (KPI), and a superoxide dismutase specifc for granular hemocytes (Wu et al., 2008) . In the shrimp Fenneropenaeus chinensis, granulocytes and hyalinocytes were separated by immune-magnetic beads and then these separated, fixed permeabilized hemocytes were analyzed by 2-D gel electrophoresis (Zhu et al., 2018a) . By this method about twenty-one differentially expressed proteins could be detected between hyalinocytes and granulocytes (Zhu et al., 2018a) . In another study, iTRAQ proteomic analysis was performed to compare the proteom of total hemocytes of healthy Procambarus clarkii with crayfish infected with Spiroplasma eriocheris (Xu et al., 2018) .
In insects, the use of a monoclonal antibody combined with functional assays was an effective way to identify different hemocyte subsets in the honey bee (Gábor et al., 2017) , and has been used to identify a plasma membrane marker by 4E1 monoclonal antibody corresponding to A. mellifera hemolectin (Uniprot UD: A0A087ZSR0) (Gábor et al., 2017) . A method for separating Drosophila hemocytes by differential expression of cell surface molecules on functionally distinct subsets of the hemocytes was described by Vilmos et al. (2004) . Drosophila monoclonal antibody libraries for the different hemocyte classes has been used to define the function of different hemocyte types (Honti et al., 2014; Kurucz et al., 2007) . Moreover the Gal4-UAS system based driver construct combined with fluorescent reporters have successfully been used in order to track hemocyte lineages during Drosophila hematopoiesis (Evans et al., 2009 ). However, this sophisticated method is not possible to use for crustaceans. Mass Spectrometry is currently one of the most useful tools for explorative proteomic studies. The so-called shotgun proteomics approach and variants thereof is becoming sufficiently powerful to handle a complete proteome analysis (Mann et al., 2013) . Using this strategy, the complete proteomes from samples of purified cell types from the APC of the hematopoietic tissue (Noonin et al., 2012) , via the remaining parts of the HPT to the mature semigranular and granular hemocytes are analyzed in the present study.
Material and methods

Animals and cell preparation
Freshwater crayfish, Pacifastacus leniusculus, were retrieved from Lake Erken, Sweden. The crayfish were maintained in tanks with aeration at about 10°C. Apparently healthy and intermolt male crayfish were used for the experiments. Five crayfish were used for cell preparation and further individual proteome analysis according to the experimental setup shown in Fig. 1. 
Cell preparation
APC and HPT (=without APC) were separately dissected and isolated as previously described (Noonin et al., 2012; Söderhäll et al., 2005) . Briefly, after dissection, the tissues were washed with crayfish phosphate-buffered saline (CPBS; 10 mM Na 2 HPO 4 , 10 mM KH 2 PO 4 , 150 mM NaCl, 10 mM CaCl 2 and 10 mM MnCl 2 , pH 6.8). Next, the tissues were incubated at room temperature for 20 min in 800 μL in CPBS containing 0.1% collagenase type I and type IV (Sigma-Aldrich, USA). The collagenase solution was removed by centrifugation at 3000×g for 5 min. The resulting cell pellet was washed five times with 1 ml of CPBS. The total number of cells was quantified by using a hemocytometer and cell viability was analyzed by trypan blue staining. The hemocytes were separated into GC and SGC by Percoll gradient centrifugation as previously described (Smith and Söderhäll, 1983) . In brief, 2 ml hemolymph was collected in a 1:1 volume of anti-coagulant buffer (0.14 M NaCl, 0.1 M glucose, 30 mM trisodium citrate, 26 mM citric acid, 10 mM EDTA), pH 4.6. Then, GCs and SGCs were separated using a continuous gradient of 70% Percoll in 0.15 M NaCl. After centrifugation in a swing-out rotor at 3000×g for 25 min at 4°C, the resulting cells bands were collected and re-suspended in 0.15 M NaCl. The cell pellet was washed five times with 0.15 M NaCl. The total number of cells was determined by using a hemocytometer.
Protein extraction
The protein analysis and database searches (2.6) were performed at the Uppsala University Mass Spectrometry Facility (Department of Chemistry-BMC, Analytical Chemistry). All chemicals were from SigmaAldrich (St Louis, MO, USA) if not otherwise stated.
Each cell sample was lysed in 100 μL of lysis buffer (6M urea, and PBS containing 1% β-octyl glucopyranoside). Protease inhibitor cocktail (Roche, Basel, Switzerland) was added to the lysis buffer to prevent protein degradation. Sonication step throughout the extraction protocol was performed to disrupt cellular membranes and reduce the viscosity of genomic DNA using a sonication probe with the following setup: 10 pulses of duration 1 s for each pulse and amplitude 30%. After homogenization, the samples were incubated for 90 min at 4°C during mild agitation. The sample lysates were clarified by centrifugation at 16000×g at 4°C for 15 min and the supernatants were collected. The total protein concentration in the supernatants was determined using the DC Protein Assay Kit (BioRad Laboratories, Hercules, USA). The DC assay was carried out according to the manufacturer's instructions using 96-well microtiter plate reader model 680 (BioRad Laboratories). Fig. 1 . Experimental setup, APC, HPT SGC and GC (or 20x) from five individual crayfish were isolated and analyzed separately according to the schedule. Four samples were used for APC cells and GC. Scale bar = 50 μm. I. Söderhäll, K. Junkunlo Developmental and Comparative Immunology 92 (2019) 170-178 2.4. On-filter tryptic digestion of proteins Aliquots corresponding to 15 μg of proteins were taken for digestion. 10 μL of 45 mM dithiotreitol (DTT) was added to all samples and the mixtures were incubated at 50°C for 15 min, then cooled down to room temperature, 10 μL of 100 mM iodoacetamide (IAA) was added and the mixtures were incubated for an additional 15 min at room temperature in darkness. An on-filter digestion protocol was used for tryptic digestion of the samples using 3 kDa filters (Millipore, Ireland). All centrifugation steps were carried out at 14,000×g throughout the protocol. The samples were transferred to spin filters, which had been pre-washed with 250 μL of 50% acetonitrile (ACN) for 15 min and then 500 μL of water for 20 min. The samples were then centrifuged for 10 min to remove interfering substances. Thereafter, a volume of 250 μL of 20% ACN in 50 mM ammonium bicarbonate (AmBi) was added and the filters were spun for 15 min. Three consecutive washing steps were performed using 200 μL of 50 mM AmBi and centrifugation for 10 min after each wash. Finally, a volume of 100 μL of 50 mM AmBi was added together with trypsin to yield a final trypsin/protein concentration of 5% (w/w). The tryptic digestion was performed at 37°C overnight. The digests were spun through the filter for 20 min to collect the tryptic peptides.
For complete flow-through of the generated peptides, an additional volume of 100 μL of 20% ACN, 1% acetic acid (HAc) was added and the filters were spun for 10 min and pooled with the first tryptic peptide filtrate.
NanoLC-MS/MS analysis
LC-MS/MS analysis was performed using an automated platform consisting of an EASY-nLC 1000 LC system (Thermo Fisher Scientific) coupled to an Q Exactive Plus mass spectrometer (Thermo Fisher Scientific) equipped with a nano-ESI ion source setup. Peptide mixtures were reconstituted in 0.1% formic acid (FA) and 5 μL were loaded into the chromatographic system. Peptide separation was carried out using a linear reversed-phase 150 min gradient from 4% to 100% of solvent B (ACN, 0.1% FA) with a flow rate of 250 nL min −1 through a 2 cm long EASY-Column (ID 100 μm, 5 μm particle size, C18; Thermo Fisher Scientific) precolumn and a 10 cm long analytical EASY-Column (ID 75 μm, 3 μm particle size, C18; Thermo Fisher Scientific) column. The mass spectrometer was operated in positive ion mode with an electrospray voltage of 2.2 kV. The survey MS spectra (400-1750 m/z range) were acquired with resolving power 70000 (full width half-maximum, fwhm) using an automatic gain control (AGC) target of 3 × 10 6 . Higher energy collision-induced fragmentation was conducted to generate MS/ MS spectra using a data-dependent mode, where the 10 most intense peaks were isolated and a collision energy of 25% was applied. An AGC target for MS/MS was set to 5 × 10 5 at a resolution of 17500. The dynamic exclusion was enabled with 20 s exclusion period.
Data analysis
MS raw files were processed using MaxQuant software (http:// maxquant.org/, version 1.5.7.3) and the Andromeda search engine against the database from Pacifastacus leniusculus SRA experiments Accession number SRX768725 (ABI_SOLID) and Accession number SRX768735 (ION_TORRENT) transcriptomes. Moreover searches were performed towards crayfish proteome extracted from Uniprot. The false discovery rate (FDR) was set to 1% for both proteins and peptides and we specified a minimum length of seven amino acids. MaxQuant scored peptides for identification based on a search with a maximum mass deviation of precursor and fragment masses of up to 20 ppm and 0.5 Da. Trypsin was selected as the digestion enzyme, allowing two maximum missed cleavage sites. Carbamidomethylation of cysteine residues was set as static modification, while oxidation of methionine and acetylation of N-terminal were set as variable modification. The search criteria for protein identification were set to at least two matching peptides. No proteins were identified and quantified using only one peptide. A list of known contamination was also included in the identification. For protein quantification, label-free quantification (LFQ) intensities were used for further data analysis. The LFQ intensity values and protein IDs were analyzed using the GiaPronto software (Weiner et al., 2018) . In GiaPronto the raw protein intensities are log2 transformed and normalized by subtracting the average. A two-tailed Student's t-test (assuming equal variances) was performed and a p-value < 0.05 was considered as statistically significant. Differentially expressed proteins were identified in GiaPronto by plotting proteins from two cell types based on their log2 ration and associated p-values in a Volcano plot. GiaPronto defines a putative biomarker when comparing two cell types as a protein that is both abundant and upregulated in one of the cell types, and these are ranked after multiplying the log2 ratio with the abundance. Cell specific proteins were detected manually by identifying proteins with LFQ intensity values obtained exclusively for only one cell type.
Results
Total global protein -qualitative analysis
A comparison between the four different cell types in the hematopoietic lineage of P. leniusculus, was done using four-five individual crayfish replicates of quantitative proteomics according to Fig. S1 . Transcriptomic data from Bioproject Accession: PRJNA259594 were used to identify proteins, after translation to protein Fasta files. Five crayfish individuals were used for isolation and separation of APC cells, HPT cells, SGC and GC respectively. Due to low number of cells from APC and GC in one individual, only samples from four individuals were analyzed for these cell types (Fig. 1) . The total number of cells, protein concentration and number of identified proteins in each sample are given in Table S1 . In the analysis using MaxQuant 1.5.7.3, 2569 proteins were identified in total in the eighteen samples using the SRX768725 transcriptome (Table S2-S3) , and 2292 proteins using the SRX768735 transcriptome (data not shown). Proteins detected by using the crayfish proteome extracted from Uniprot did not give any other proteins than the ones detected using the SRX768725 transcriptome database. Since the SRX768725 transcriptome covered all the proteins detected, this database was used for all the following analysis.
Comparative proteome analysis of HPT cells versus APC cells
In order to find specific proteins that were up-or downregulated in different differentiation stages, we performed direct comparisons between HPT (when HPT is mentioned in the following text it means that the APC is removed) cells versus APC cells, SGC versus HPT cells, GC versus HPT cells and GC versus SGC, respectively. Using significance value of -log2 pvalue > 5.0 we could identify 166 proteins which were significantly higher expressed in HPT cells compared to APC cells ( Fig. 2A) , whereas no proteins were considered significantly downregulated in HPT cells. However, the proteins that were higher in their expression all showed a modest increase in the HPT cells, with the highest significant log2 fold change of 2,2 for the uncharacterized protein (cl14380) followed by clathrin heavy chain and ARP 2/3 complex subunit 2 (Fig. 3A) . Fig. 3 shows the proteins that are increased respectively reduced the most when we compared two cell types with each other. On the other hand, this figure does not say anything about the amount of the different proteins found in the respective cell types, only the relative changes between two cell stages.
The protein profiles between HPT cells and APC cells did not differ dramatically, although some upregulated proteins, such as different protease inhibitors indicated that there may be higher abundance of more differentiated cells in the HPT compared to APC (Fig. 3A) . Nonetheless, an analysis of proteins that are specific or highly expressed in these two tissues compared to circulating SGC and GC stem cells revealed for example several DNA replication licensing factors mcm 2-5 (Tables S2-S3 : CL13467Contig1, CL1873Contig1, CL5583Contig1, CL5583Contig1) thus, showing characteristics of high proliferative activity and stem cell features in both APC and HPT. Moreover typical mitochondrial proteins were highly expressed in the APC cells and could not be detected in other cell types (Table 1.)
Comparative proteome analysis of SGC versus HPT cells
More dramatic changes were found when we compared the global proteome of SGC with that of HPT cells. We detected 117 proteins, which were significantly higher in expression in SGC and 426 proteins, which were downregulated in SGC compared to in HPT cells (Fig. 2B) . In this case the log 2 fold change was significantly larger, and between 4 and 6, compared to from APC to HPT. The twenty proteins that were most highly upregulated from HPT to SGC are illustrated in Fig. 3B . However, it should be noted that proteins specific for SGC and not present in HPT are not included in this figure but are instead reported separately in Table 1 . The twenty most upregulated proteins (with -log2 pvalue > 5.0) are shown in Fig. 3B , and it is clear that differentiation into cells with immunological functions has taken place from HPT to SGC. Several Kazal protease inhibitors (KPI) are among these, and most upregulated is the SGC specific KPI that we have previously identified as a marker protein for SGC (Wu et al., 2008) . Also other protease inhibitors, i.e. three serpins are present among these twenty proteins, as well as two so far uncharacterized serine proteases (Fig. 3B) . Interestingly, one of the most upregulated proteins in SGC apart from the SGC specific KPI was the lipopolysaccharide-and β-glucan binding protein (LGΒP) (Lee et al., 2000) . Furthermore, a clear reduction of the abundance of proteins involved in cell division is seen, as for example proliferating cell nuclear antigen (PCNA) (Fig. 3E) .
Comparative proteome analysis of GC versus HPT cells
When comparing the total proteome of GC with that of HPT cells it was clear that these two cell types were very more different than SGC compared to HPT cells, and thus GC seems to be further differentiated from the stem cells when compared to SGC (Fig. 2C) . Fifty-two proteins were significantly higher expressed in GC, and 215 were found to be downregulated. However, it is important to remember that proteins which were not detected in HPT but present in GC are not shown in Fig. 2C . Among the twenty highest upregulated proteins, important immune components are detected, such as proPO and four different crustin antimicrobial peptides (Fig. 3C ). In similarity with SGC many upregulated proteins belong to the serpin and KPI protease inhibitor families, out of which some but not all were similar between these two hemocyte types (Fig. 3B-C) . However, an increase in antimicrobial peptides of the crustin family and also the mannose binding lectin (Wu et al., 2013) was prominent for GC differentiation in contrast to SGC.
Among the proteins, which were most downregulated in GC compared to HPT cells, a different set of proteins were found (Fig. 3F ) compared to that for the SGC (Fig. 3E ). Here we found for example several proteins, which are included in heterogeneous nuclear ribonucleoprotein (hnRNP) complexes (Fig. 3F) .
Comparative proteome analysis SGC versus GC cells
As is shown in Fig. 2D the protein content of SGC and GC is very similar and we could not find any proteins that were significantly up-or downregulated in GC compared to SGC with a -log2 p-value > 5.0. But, after lowering the limit to -log2 p-value to above 4.0, a few proteins were recognized (Fig. 2D) . Then we could find crustin 1 as the most upregulated protein in GC compared to SGC, and transglutaminase as well as a few other proteins as the most downregulated proteins. This result does not mean that SGC and GC are completely similar since some proteins were detected as unique to SGC and GC respectively (Table 1 ) and the method used by GiaPronto for comparison in Fig. 3 can not detect proteins that exist only in one of the compared cell types (Weiner et al., 2018) . Moreover, the amount of individual proteins differs significantly between the different cell types as will be shown below in section 3.6. 
Cell type specific proteins and possible biomarkers
In order to find specific proteins that could be used as biomarkers for a certain cell type when comparing two cell stages, we used the GiaPronto software to rank proteins that are both upregulated and abundant in a specific cell type, that is proteins that are both significantly differentially expressed and abundant. The software then multiplies the log 2 ratio with values for protein abundance, and then ranks the proteins based upon the obtained value (Weiner et al., 2018) . The results presented in Fig. 4 show possible biomarker proteins when comparing HPT with APC cells, SGC and GC with HPT respectively, and finally comparing SGC with GC and vice versa. The values on the upper axis show the log 2 ratio multiplied with the mean abundance of the protein in the specific cell type, and from Fig. 4B and C it is evident that the values are high, and thus indicating a dramatic increase of some proteins in SGC and GC compared to HPT cells. In SGC an excellent biomarker clearly is the SGC specific Kazal protease inhibitor, which is the same protein that we earlier have determined as a SGC marker using 2D-gelectrophoresis (Wu et al., 2008) . Furthermore LGΒP is one of the highly upregulated and abundant proteins, which appear during the differentiation of SGC (Fig. 4B) . In GC on the other hand, proPO is the highest ranked as a possible biomarker. However, this protein is present in SGC as well and thus can only show differentiation compared to HPT cells. The crustins, on the other hand, appear to be good markers for differentiation of GC (Fig. 4C) . The results shown in Fig. 4A , were proteins in HPT are ranked compared to APC cells show interesting results. Proteins such as hemolectin, and crustin 1 clearly show that the HPT contain cells that are precursors of SGC and GC respectively, and these proteins can possibly be used to indicate differentiation into these two lineages within the tissue. We also calculated which proteins that occur in highest amount in the different cell types, and found that hemolectin (CL1Contig139) and TGase (CL606Contig1) are the most common proteins in SGC, whereas proPO (CL689Contig2) and crustin 1 (comp221280) are the most abundant GC proteins (Table S2) .
Furthermore, we analyzed which proteins that were only detected in a specific cell type and these are listed in Table 1 . Here, some new putative cell specific proteins can be found and interestingly the JAK/ STAT signaling pathway component STAT is only detected in HPT cells. Among putative SGC cell specific proteins some so far uncharacterized proteins such as a VEGF-like protein, a LDL receptor and a C-type lectin can be found as well as the matricellular protein thrombospondin. Surprisingly, the clotting protein (Hall et al., 1999) was detected specifically in SGC (Table 1 ). In GC we could detect SOD as a specific marker protein that we have detected before, by 2D-gel electrophoresis (Wu et al., 2008) . Moreover, a GC specific crustin was detected as crustin 3, and also some previously unknown proteins such as a KPI, a (Table 1 ). In summary several new possible cell specific proteins were detected for HPT, SGC as well as GC.
Discussion
The hemocytes in crustaceans are essential for the animal's ability to defend themselves against pathogenic microbes. During an infection or after a serious wound, hemocytes are consumed and new hemocytes are rapidly needed. Thus, at the site of an infection activated hemocytes release the cytokine astakine1, and possible other substances that induce cell division, differentiation and finally release of new cells from the HPT Sricharoen et al., 2005) . We need to know more details about how different cell types are formed, and if different pathogens can induce hemocyte formation with special functions. We also need to get more knowledge about how hemocyte formation is regulated, partly to increase knowledge of hematopoiesis in more invertebrate species, but also to develop tools to, for example, detect ongoing infections. A prerequisite for understanding more details about how both blood cell formation and how the immune system works is to be able to differentiate between cells with different functions and study them individually. A decisive advance to decipher the function of different hemocyte types was the cell-separation method developed 35 years ago by Smith and Söderhäll (1983) . This method has since then been successfully used to clarify the main differences in function between hyaline cells, SGC and GC for reviews see (Cerenius and Söderhäll, 2018; Jiravanichpaisal et al., 2006) . Even more detailed information on hemocyte function comes from studies of horseshoe I. Söderhäll, K. Junkunlo Developmental and Comparative Immunology 92 (2019) 170-178 crab hemocytes, where large and small granules inside the cells were separated by continuous sucrose gradient centrifugation (Shigenaga et al., 1993) . They could elegantly show that the large granules contain the components of the clotting reaction, whereas the small granules were filled with antimicrobial peptides like tachypleusins (Nakamura et al., 1988; Shigenaga et al., 1993) . We have used another strategy to find proteins in the crayfish GC, which have great similarities to horseshoe crab hemocytes. By isolating GCs and then treating them with a calcium ionophore we induced exocytosis of proteins contained in the granules, and then found both proteins of the proPO system and a large amount of antimicrobial proteins (Sricharoen et al., 2005) .
In the present study, we have deepened the characterization of different cell types in the hemocyte lineage by analyzing the total protein content of each cell type individually. We used four to five individuals and found that the proteome in each of the four cell types was distinctive and the variation between individuals for the most common proteins was only marginal.
Not surprisingly, stem cell features were obvious in the APC and HPT cells with high abundance of proteins involved in the cell cycle and DNA replication. No proteins were found to be downregulated in APC as compared to HPT which possibly reveal that even if less differentiated cells are more abundant in APC, when compared to HPT, such undifferentiated cells are also present in high number in the HPT although together with more differentiated hemocyte precursors. Some typical mitochondrial proteins were highly expressed in the APC cells (Table 1) , and these were not found in detectable levels in the other cell types. The number of mitochondria in the APC cells are very high, which also shows that they have high metabolic activity and can explain that this part of the hematopoietic tissue has a high production of ROS, which is important for regulating the hematopoietic process as we have shown before (Junkunlo, 2015; Noonin et al., 2012) .
We aimed to find proteins that were unique, or at least only found in detectable amount, in one specific cell type, in order to enable us to use these cell specific markers to follow how the differentiation process is influenced by various external factors. An interesting finding was that STAT, a component of the JAK-STAT pathway was only found in HPT cells. It shows some consistency with how hematopoiesis is regulated in Drosophila where the JAK-STAT pathway has been shown to be active precisely in that part of the fly lymph gland where prohemocytes are present, and to be required for the maintenance of the prohemocyte stage (Krzemień et al., 2007; Morin-Poulard et al., 2013) .
Another putative HPT-specific protein was pseudouridylate synthase 7 (PUS7). This enzyme is involved in RNA modification by catalyzing the isomerization of uridine to pseudouridine (Safra et al., 2017) . In a recent study PUS7 was shown to specifically govern hematopoietic stem cell function, and PUS7 was highly expressed in hematopoietic stem and progenitor cells in mice (Guzzi et al., 2018) . The mechanism by which PUS7 regulates stem cell function was elegantly shown to be by activating small tRNA-derived fragments mainly so called tRFs which are processed from the 5'end of tRNA, and these fragments then act as potent inhibitors of protein synthesis. PUS7 was shown to specifically alter a subset of 5'tRFs and these altered fragments then repress translation (Guzzi et al., 2018) . Thus, our finding of high PUS7 expression in crayfish HPT cells then indicates that such a regulatory mechanism may be evolutionary conserved.
ADP-ribosylation factors (ARFS) are GTP-binding proteins that regulate membrane traffic and actin remodeling, and we detected an ARF4-like protein as highly expressed in HPT cells. An interesting observation is that this protein was upregulated in WSSV infected Fenneropenaeus chinensis specifically in hyaline hemocytes (Zhu et al., 2018b) . In P. leniusculus hyaline cells are rare and as earlier proposed these cells may be similar to prohemocytes that are released upon emergency from the HPT (Hammond and Smith, 2002; van de Braak et al., 2002) . Another protein involved in membrane trafficking that was only detected in HPT cells is translocation protein SEC62, similar to Drosophila Dtrp1 (Noël and Cartwright, 1994) , which has been shown to be highly upregulated in several cancer cells such as in lymph node metastasis (Bochen et al., 2017) .
The SGC population may contain some immature cells and that is why traces of proteins involved in cell division can be seen in this fraction and these are then the ones that are most downregulated. As possible specific marker proteins for SGC we could confirm that the SGC specific Kazal protease inhibitor is highly expressed in these cells as we found earlier (Wu et al., 2008) . We could also detect some additional putative markers for SGC and maybe these markers can aid in finding diverse subpopulations of the SGC population. Among these are an hitherto uncharacterized VEGF-like protein, a low density lipoprotein receptor, a C-type lectin, dual oxidase and a thrombospondin. However, an intriguing observation was that the clotting protein was only detected in the SGC fraction. We know that mRNA encoding this protein is expressed in HPT cells and that the protein is secreted and is present in plasma in high amount and function in hemolymph coagulation (Hall et al., 1999; Junkunlo et al., 2018; Wang et al., 2001) . The reason for how the clotting protein is attached specifically to SGC is something, which calls for further investigations.
As earlier we found SOD as a useful marker protein in GC (Wu et al., 2008) , but could also identify one new serine protease, and an uncharacterized peroxidase family protein. However, the most highly expressed protein that was unique for GC was crustin 3. An important discovery we made in this study is that the crustin antimicrobial peptides appear to be especially expressed in GC. This finding may be in agreement with the recent study by Suleiman and collaborators (Suleiman et al., 2017) showing that the detection of crustin mRNA expression in various tissues is due to hemocyte (GC) infiltration.
In summary, we have with this global comparative proteomic analysis been able to detect several new putative biomarkers for differentiation as well as cell specific proteins within the crayfish hematopoietic lineage that can be used to increase the understanding of how the differentiation process is regulated.
